In a case study on white beans, the eect of rotation on the statistical variability of heat penetration parameters and on the nonuniformity of lethality in industrial-scale retort processing was investigated. In addition, the in¯uence of process time on the nonuniformity of lethality was evaluated. No clear relation between the non-uniformity of the heating parameters and the rotational speed was observed. Rotation seemed to in¯uence process lethality variability throughout the retort by its eect on non-uniformity in heating characteristics and in retort temperature. Absolute non-uniformity (i.e. standard deviation) increased with increasing holding time, whereas relative non-uniformity (i.e. coecient of variation) decreased as holding time increases.
Introduction
Thermal processing of foods is one of the most important preservation techniques in the food industry to extend the shelf-life of foods. It generally involves heating of foods for a predetermined time at a preselected temperature to eliminate pathogenic microorganisms that endanger the public health as well as those microorganisms and enzymes that deteriorate the food during storage. Today, the consumer demands more than the production of safe and shelf-stable foods and insists on high-quality foods. The more severe the thermal process, the greater will be the degradation of food quality, both in sensorial (color,¯avor, texture) and nutritional factors.
Rotational processes may be applied to liquid or semi-¯uid foods to increase heat¯ow rates by forced convection within the container (Berry, Savage & P¯ug, 1979; Naveh & Kopelman, 1980; Van Loey et al., 1994) . Assuming there is adequate heat supply, this can lead to shorter process times with improved sensorial quality and reduced nutrient losses. However, processing in rotary retort systems involves complex heat transfer mechanisms. Therefore, process time needs to be carefully controlled since heating rates are known to be inuenced by several variables such as rotational speed, container location with respect to radius and angle of rotation, mode of rotation (end-over-end or axially), headspace, product viscosity and degree of overpressure (Clifcorn, Peterson, Boyd & OÕNeil, 1950; Berry et al., 1979; Berry & Bradshaw, 1980; Naveh & Kopelman, 1980; Berry & Dickerson, 1981; Javier, Naveh, Perlstein & Kopelman, 1985; Tung & Britt, 1992; Ramaswamy, Abbatemarco & Sablani, 1993) .
Reduction of excessive safety margins used in industry and consequent reduction of quality loss and costs are only possible with a complete statistical study on heat penetration parameters and lethality variability.
The objective of this study was to evaluate the effect of rotation on the statistical variability of heat penetration parameters and on the non-uniformity of lethality in industrial-scale retort processing. Also the in¯uence of process time on the non-uniformity of lethality was investigated. For this research, a case study on white beans was selected.
Materials and methods

Statistical variability heat penetration parameters
Product
Two dierent lots of dry white beans were used: lot A (15.14 1.30 mm length, 10.58 0.80 mm width and 8.71 0.80 mm thickness) and lot B (8.86 0.50 mm length, 5.98 0.37 mm width and 5.30 0.51 mm thickness). The dry beans (stored dry at 15°C) were soaked for at least 16 h in distilled and demineralized water at 15°C. Analysis of the soaking behavior of the white beans proved that beans of both lots reached their maximal moisture content after 16 h. Containers (370 ml glass jars, depth between cover and bottom is 95 mm, diameter is 80 mm) were hand-®lled with 240(1) g soaked white beans and covered with distilled and demineralized water until a headspace of 10 mm was left. Preliminary heat penetration tests were performed to determine the coldest spot within the container. In the static mode, the coldest spot of the product was detected at 15 mm from the bottom of the jar, along the central axis. For the rotary condition, analysis of variance showed no signi®cant dierence among the F 0 -and f hvalues obtained at the dierent positions. As no significant dierence (P b 0X05) could be found, the same position as in the static condition, which is at 15 mm from the bottom, was selected as position for further heat penetration runs in rotary mode.
For lot A the statistical variability of the heating parameters was investigated at 0 and 7 rpm, whereas for lot B the statistical variability of the heating parameters was studied at 0, 4, 7, 10 and 15 rpm. For each condition, at least 100 containers were processed. For the experiment in the static mode, the jars were processed in 5 runs. In the rotary mode, the jars were processed in 10 runs.
Retort system
The containers have been processed (in dierent runs) in a pilot 1-basket water cascading rotary retort (Barriquand Steri¯ow retort, France). The retort can operate in static or rotational mode. The dimensions of the basket are 0.40´0.37´0.70 m 3 (width´height´depth), whereas in industrial-scale retort systems the dimensions of a basket are 0.80´0.80´0.85 m 3 (width´height depth). As a consequence, statistical variability of heat penetration parameters in industrial-scale retort systems could be higher.
Datalogging equipment
The Ellab CMC-92 data acquisition system (Ellab, Denmark) was used to register temperature histories in the pilot retort. A multiplexer box (UMX6-88) was connected to a personal computer and installed with two thermocouple boxes (TR9216), each containing a reference junction and 16 temperature measurement channels. Output had an accuracy of 0.1°C.
Thermocouples were copper±constantan (type T) from Ellab (Denmark).
Needle-type thermocouple probes with rounded tip (SSA-12XXX-G700-SF, with XXX the length of the needle in mm, and SSA-12080-G700-TF) were used to measure temperatures at the coldest spot of the product. Space bars were used to be able to measure at the desired position in the product. Two thermocouple probes (SSR-60020-G700-SF, 20´6 mm 2 for liquids and air) were placed among the containers to monitor the processing medium temperature.
Thermocouples were calibrated in an oil bath at 90°C against a quartz-thermometer (testo 781, Testoterm, Belgium; resolution is 0.001°C and accuracy AE0X1°C) and were mutually compared in the pilot retort at the processing temperature (121°C). A 32-channel slipring contact (Ecklund, USA) was used during rotary processes.
Processing conditions
The processing conditions were set as illustrated in Table 1 . Before the start of a run, the load was conditioned to a uniform initial temperature of about 40°C such that temperatures of the dierent containers were within 0.1°C at the start of each heat penetration test.
The weight of the sealed container before and after processing was always recorded. 
Non-uniformity in retort temperature
Heat distribution was evaluated throughout a horizontal industrial-scale 4-basket rotary water cascading retort (Barriquand Steri¯ow retort, France) and indicated a uniform heat transfer from the heating medium to the containers throughout the retort (Smout, Van Loey & Hendrickx, 1998) . This implies that in such cases, an assessment of the heat distribution of the retort can be reduced to a temperature distribution test. Time±temperature data were collected by locating 20 thermocouples (Fig. 1) throughout the retort. The temperature distribution was determined at 0, 4 and 7 rpm. It was noticed that rotation improved the temperature distribution throughout the retort (under the processing conditions tested). For details on the temperature distribution trials reference is made to Smout et al. (1998) . 
Non-uniformity of lethality in retort processing
A new approach to investigate non-uniformity of process lethality during in-pack thermal processing of foods was evolved (Smout, Van Loey & Hendrickx, 2000) . This approach consists of combining non-uniformity on retort level (heat distribution data) and non-uniformity on product level (heat penetration data) through simulations to investigate non-uniformity in lethality delivered to a given product processed in a given retort. From the mean and standard deviation of the heating parameters random adjusted f h ±j h combinations were generated (Monte Carlo simulation). A semi-empirical approach, the APNS (apparent position numerical solution) method (Noronha, Hendrickx, Van Loey & Tobback, 1995) , allows us to simulate, for each random f h ±j h combination, the time±temperature pro®le in the product during heating based on the time±tem-perature pro®le in the retort. The APNS-method enables to predict product temperature evolution when subjected to a variable heating medium temperature. From the time±temperature pro®le in the product, heating First, the non-uniformity in lethality at each position within the retort was investigated, based on the 50 simulations at each position. Next, the non-uniformity in lethality throughout the retort was studied. For the simulation of white beans lot A and white beans lot B a holding time of 7 and 8 min, respectively was applied in order to achieve process lethalities typical for white beans. The in¯uence of rotation and process time on the non-uniformity of lethality throughout the retort was evaluated.
Results and discussion
Statistical variability heat penetration parameters
For each container, heating rate index (f h -value), lag factor (j h -value) and corrected lag factor according to BallÕs 42% rule (j hB -value) were calculated using the method of Ball (1923) . Adjusted f h -and j h -values were estimated using the APNS-method (Noronha et al., 1995) . Adjusted heating parameters are independent of the boundary conditions (e.g. independent on the retort come up time). Estimates of means (X ) and standard deviations (s), and coecients of variation (CV) of the heat penetration parameters are summarized in Table 2 . Coecients of variation of the heating parameters for white beans lot B were larger than for white beans lot A. The CV of the j h -values for white beans lot B were unexpectedly large. For white beans lot A at 7 rpm, the CV of the j h -value was also large. The variability was noticeably decreased when estimating the j hB -value and adjusted j h -value, where the actual come up time is taken into account. Although the pilot retort is able to perform reproducible processes with regard to come up time, the large CV of the j h -value should be linked to small variations in come up behavior of the retort.
Mean adjusted f h -values with standard deviation for white beans lot B were plotted as a function of rotational speed (Fig. 2) . As expected, increasing rotational speed resulted in faster heat penetration (lower adjusted f h -values). The in¯uence becomes much less pronounced as rotational speed exceeds 10 rpm. Increasing rotational speed over 10 rpm results in more broken beans with leakage of starch, resulting in slower heat penetration. Van Loey et al. (1994) came to similar conclusions. For lot A the non-uniformity in heating characteristics was increased by rotation (larger coecients of variation). For lot B, where a broader rotational speed range was studied, no clear relation between the non-uniformity of the heating parameters and the rotational speed was observed.
The test of normality, based on the Shapiro±Wilk statistic W, was calculated for the null hypothesis that the input data values are a random sample from a normal distribution (SAS, 1990) . When`Pr`W ' is smaller than 0.05, the null hypothesis will be rejected at a 5% signi®cance level.
As an example, the distributions of the heating parameters of white beans lot A at 7 rpm are shown in histograms (Fig. 3) . Theoretical normal distribution curves are added to the parameter distribution in case the null hypothesis, that the data constitute a random sample from a normal distribution, was not rejected. Fig. 4 shows the distributions of the adjusted f h -value of white beans lot B at the dierent rotational speeds. In literature, Herndon (1971) described the variability in heating rate index by a normal distribution, whereas Hayakawa, De Massaguer and Trout (1988) selected the gamma distribution to represent variation in f h -and j h -values.
Non-uniformity of lethality in retort processing
First, the simulated mean F 0h -value, the standard deviation and the range of F 0h -values were analyzed for each position within the industrial-scale retort, based on the 50 simulations at each position. Next, the simulated overall mean F 0h -value, the overall standard deviation and the overall range of F 0h -values were calculated. As examples, the results of white beans lot A are shown in Table 3 . Position numbers correspond to the numbers indicated in Fig. 1 .
Inspection of the mean F 0h -values at the dierent positions within the industrial-scale water cascading retort (Table 3) allows to conclude that the bottom of basket 1 (position 1) receives the lowest lethal eect in static mode, whereas the lowest process impact during rotary processes was observed at the center of basket 1 (position 2). A temperature distribution study also identi®ed those positions as coldest zone (Smout et al., 1998) .
In¯uence of rotation
The ranges of simulated F 0h -values at dierent positions within the retort and the overall range of simulated F 0h -values were analyzed and compared (Table 4) . Agitation of white beans lot A slightly increased the overall range of F 0h -values (i.e. absolute non-uniformity), but slightly decreased the coecient of variation (i.e. relative non-uniformity). Rotation of white beans lot B decreased both the absolute and relative non-uniformity of lethality considerably. All this can be explained by a combined eect of: (i) an increased non-uniformity in heating characteristics by rotation for white beans lot A; (ii) no clear eect of rotation on the variability in heating parameters for white beans lot B and (iii) an improved temperature uniformity throughout the water cascading retort for rotary conditions compared to static conditions. Fig. 5 . Predicted product temperatures ( ) for white beans lot A at 0 rpm using an experimental retort temperature pro®le (Ð) as boundary condition.
In¯uence of process time
Propagation of the non-uniformity in lethality in the time domain is illustrated for white beans lot A (at 0 and 7 rpm) processed in the industrial-scale water cascading retort. Retort temperature pro®les were cut o at 0, 3, 7, 10 and 15 min holding time, as visualized in Fig. 5 . The simulated non-uniformities in heating lethality are presented in Figs. 6 and 7. Results are summarized in Table 5 .
Figs. 6 and 7 reveal that the shape of the frequency distribution is changed from positively skewed to negatively skewed as holding time is increased.
From Table 5 it can be concluded that the overall standard deviation and the overall range of F 0h -values (i.e. absolute non-uniformity) are increased with increasing holding time, whereas the coecient of variation (i.e. relative non-uniformity) is decreased as holding time increases. Fig. 6 . Simulated non-uniformities in heating lethality (F 0h -value) throughout the industrial-scale water cascading retort for white beans lot A 0 rpm at dierent holding times.
Conclusions
The lot-to-lot variability observed in this study proves that heat penetration parameters with their respective statistical variability should be determined for each lot of a product. The exact reason for the large variability of the heating parameters of white beans lot B was not clear. No distinct relation between the non-uniformity of the heating parameters and the rotational speed could be identi®ed. Rotation seemed to in¯uence process lethality variability throughout the retort through their in¯uence on non-uniformity in heating characteristics and in retort temperature. Absolute non-uniformity (i.e. standard deviation) increased as holding time increases, whereas relative non-uniformity (i.e. coecient of variation) decreased with increasing holding time. 
